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SIMULATION OF BEAM LOSS IN THE LOS ALAMOS PROTON STORAGE RING*

C. T. Motterzhead, G. P. Lmvrence, P. J. Channell, and L. B. Schweitzer
Loe Alucme Nstional Lsbmatory, Loe Akmoz, New Mexico 87545

Sumlnary
The Lae Akmoz Proton Storsge Rirq experienc~ ● cignifi-

ca,nt beam 10U u ● consequence of scattering in the stripper foil.
Thiz psper reviews efforts to understand thie Ian by computer
simulation using the Lie algebraic tracking code MARYLIE,
md otner special codee that give s very faat -imulation of the
foil scattering. Simulation raulte uc compared to ●xperimental
data.

Introduction
The Proton Storiige Ring (PSR) at the Lao Alamoe Neu-

tron &-ttering Center (LANSCE) [1] conziets of 10 cellz, each
contdning a 36° bending magnet, and a FODO focuzing ztruc-
ture (Fig. 1). A stripper magnet u ueed to remove the tht
electron frum the 797 MeV H- baun from the LAMPF linac.
The raulting Ho beun ●ntere the ring throughs hole in one of
tha dipoke, and u then pueed through ● very thin etripper foil
to remove the kzt ekctron, leaving a proton beem to be etored
in the ring, After m entire 750 Aec macropuke u colkcted,
which takee 2100 turm around the Ans, the extraction kicker iz
firad, end the stored beun is emptied onto the LANSCE terget
in 0.25 pmc to produce an izitmse puke of neutrons, A ZIXIBI1
fradon of the bemn iz lootin thb proceez, but bectuee of the
hjgh deeign current, this small fraction can cmze unacceptable
act ivation of pzute of the ring. The IoMeaue much higher than
expected for :he daign sperture, ~d rre clearly related to the

#

ecattedrr~ in the etripper foil, since they mzentitlly etop when
%hebeam Loheld ofl the foil [1]. In zome experiment to study
the mechznlsm of thue IoeMo, the bemm wu forced to PUS
through the foil cm ●very turn (contrw to normal operation),
and wu stored for up to 104 turns. This paper dacrib~ come
computer dmul~tion. curied out in an ●ffort to vnderetzmd the
rnultz of thae wperimentz,

Flg. 1 The Proton Storqe Ring, In thb drswlng the stripper
foil hat the top center of eector O(12 o’c!ock poeltlon), and tha
eoctrectlon eeptum b In eector 9 ●t the 10 o’clock palthm

—.
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Foil Scattering Model
The tist tuk in eetting up the simulation is the construc-

tion of an eccurste, efficient repmentation of the foil ec*tter-
ing. Tzchalir [2] dizcuzzee integral repraentatiom of the gen-
eral multiple ec”.ttering formalizm, u well u the opecid cwe of
ecreened Rutherford emttering, for which the eingle scattering
crae-eection may be written ae

(1)

The minimum angle 0. is determined by electron screening of
the nucleu chuge, and ie atimatedby Jackson [3] M 86 =
l/ka, whela the beun momentum ie p = hk, and a = r0t3 x
10-oZ - l/s cm for ● Themes-Femi model of the atom, The
zodznum scattering angle iz determined by the Sni~ ri~cku
size u On= l/kR, where R = 1.4 x 10-lsAi/scm b the nu-
clear ruliuz. Thiz formula for ecreened Coulomb eattering wu
uzed in ● Monte Culo technique due to H. A. Thiaeen [4] to
evthmte the net multiple ecsttering in the etripper foil. The
differential crom eection given by Eq. 1 ie redly integmted to
give the total croee eection for angla IUZthur a specified polar
scattering angle &

(2)

A eet of polu ecsttering UIgla consbtent with thie distribution
!nAYbe constructed by chooeing ● random number z between O
end 1, ~d eolving u(0) = zu(d~) for the angle 0 that enclaem
the fraction z of the total crae zection:

(3)

The eslmuthd UIgle of the scattering b sleo chaen mndomly,
The net ecatterizig ie then the vector mm of t eequence of ouch
elngle ecrntteringeu the putlcle workz Itz way through the foil,
The mmn free path ie determined from the denelty of ecntterero
end the totel crow eection u(OR), AborA 8 or 9 ecatterlngs were
typlcdy needed for one peeeege th:ough the 2(Mpg/cm2 cubon
foil ueed in the simulations reported here. To obtain the distrl.
butlon of polu satterlng engbe for thie foil, come 107 pwticke
were eubjected to thle Monte Culo procezz, and the rewdts COI.
kcted In ~ 100 bln hlstogrun covering ~gke from Oto 10Kfpr,
Htlf the putlclee were ocdtemd Iae thu 18P?, snd 90% km
then Wm. Deepite the l-e number of puticke ueed, the tdl
of the hietogmrn weJ spueely populated, ~d wee emoothed hy
fitting with a power law: /(0) = C x 0-848, The reeultlng die-
tributlon wee integrated und Interpol-ted to construct h 1000
dtment bokup table contdulng thlo dletrlbutlon of engles: 500
of the entrla were Iuz than 15#r, WO were b thut WWr,utc,

b the eubeequent trsckins otudia, s v feet reprezentatlon
of the foil ecatterlng wu obtained by simply choaing polar
ecattdtg aaglee at random horn thle bokup table.

?mt Llaoar Nttmorksl lhzulationm
The bode aperlmental f=t lo that when tho otored beam

pea- through the ttrlppw foil on every turn, It damys with
s Ilfothnedependent on the foil thlcknmsi With m2tXIpg/cma



foil in the ring, the beam survival fraction ●t turn n ic well fit
by the phenomenologiccl formub

j(n) = ezp - (~)1’7 (4)

where the lifetime no = 6010 turns. Ftom the activation of the
machine, it appears the muor loecee ue occuring at the extrac-
tion eeptum, which ic 40 mm from the decign orbit, end ic the
●ncileet known ●perture (relative to ~=) in the ring. The obvi-
OUJhypothesis ic that the foil scattering ic cmcing a difhuive

growth in the beam sise, with the rmdt that the edge of the
beam u being scraped off by the ceptum,

For a preliminuy survey of the interaction of ring beun
dyrmmics, foil ccattcring, and Ioec on the extraction eeptum, a
very simple Iineu simulation code (PSIM) wu written,. The
initial trmeverce phue cpece coordirmtee z, p=,V,pti~tthe foil
of a eet of puticbe repenting the beam ic read in from an
acterrml file. The input puticle eet ie generatedueingthe p-
mmeterimt ion

~= 4GCN4’ (50)

where da = 2rra, rl and ra ue 1andom numbem in the range
O to 1, ~d (A%,L9,’) we the me,chine horizontal beta function
-d ite derivative at the foil. The mucimum z unplitude of

th~ d~tribution ~ Z- = KK, end rnt*en M ~ ~put P*
rsmeter for the particie generstor, The corraponding formube
uc used independent iy to generate (y, pM). In this wsy, ● 1000
putkie input data set, repremnting ● &etched uniform beun
with initial unplituda xm~ = 16 mm end ymu = 8 mm, W=

generated and ueed in aii tbe PSIM rum Thae unplitudu uc
reeconaidy cioee to the experimental km size.

After the initial phue epece coordina- of the beam pu-
tkbe uc mad into PSIM. the trmsveme (4D) lirmu trsnsfer
matrix of the ring is ueed’ to map them ~un’d the ring back
to the foii, where eny puticia that iand m the shadow of the
@Qptw U. hgged u id, md Omitted f?- deetpiM tWIiC
around the ring, Tho poeitbn of tho ceptum ie @en M M
input pusmetu to the dmuiation, end ite obed- on the foii ic
determined by the Mla and Mm obmentc of the linear tr-
fu matrix between eeptum and foiii The perticla that am
not loot remiw ● mndom momentum kickdctemnined by dnw-

‘ ing a random polu UISIC from tho foii cattoring iookup tabie,
and -iving it into momantum incremcnte ueing * random u-
irnuthal utgic, The proceec b thm repested for u muIy twins
u d-bed, with th. puticic coordinate being writkn out P
riodicdly, end the Ioee counter umy bdng written out ●t the
end of th~ run.

The coda ic very feet: tho dmulatioru shown hem trecked
1000 puticiee through 12,000 tumu, and took from 18 to S4
- CPU time on s Crty.1. Th@mooth ecdid curvee in Fig.
ure 2 chtw the beam ourvivd fractioru for 4 PSIM simulstione
with th~ eeptum paition eet at 20, 25, 20, ~d 40 mm, The
desh~d curw is th~ datt jlt givm by Eq,(4), and the othor two,
more ragged, curva are beam survival hictogwuc from nonlin-
●u MARYLIE timulatioru dacribed in tho next cation, The
main coneiuclon to be drawn from tbae linear tlmuistime it
thtt, -t ieut out to 2500 turne, the data ic bat flt with the
eeptum eet ●t 2S mm, dapite tb~ fut that the utud septum
10●t 40 mm!

.0 J t , , , 1
0 moo 4000 6000 aooo 10000 !2000

TURN t@JMBER

Fig. 2 Beam survival with 200pg/cm2 carbon foil. Simulations .
with eeptum iocatione 20, 25, 30, and 40 mm. Deebed curve u
cxperimcutc.1 &t*.

Nomlinoar Dynardc Aperturo 5tuciies
Since there b no known physkei ●perf ure of 25 mm amplit-

ude (full tperture = 50 mm), tbe quution ~ u to whether
nonlinear effects in tbe ring couid reduce the dynamic aperture
thb much, The feet that the ring bu meeeumd chrom~tici-
tia of f- = -1.25 end C@= -0.96, (comprtred to %mtuml”
chromaticitiee of -0.82 and - 1.S), ic tah n u ●violence for un-
accounted cextupoie components eomewhere h the ring, and
deo caii9 for chcking nonlinear cffdc,

The thirdarder Lie aigebrdc beun dynamics und umlysh
code MA RYLIE 3.o [5] ic c~psbfe of reuliJu in ● dcecript ion of a
xhine Mticecontaining up to Srd order ciementc (octupoba),
and computing the l-t, 2nd, and 9rd order components of tho
tmncfer map of the whoie mechine, or eny piece of it, u WCII
M ts ack~ urayt of perticiee through theee mXps. It CUl d~O

adjuct the puunetarc of tho lattict demmnte to meet specified
tugct vaiuee for the map md quantitia derived from it, muchM

tuna end chromatkitia, The fact iookup tabk mprwentstion
of th~ foil ecsttering ueed in PSIM wu do put into MARYLIE
u ● ueer subroutine, To albw accurate comparison of iimmr
snd nonlirwar simdationn, PSIM redc tho lirmr portion of
tuctmnsk map coauputod bv MARYLIE, both cod- mad th~
0- input PUtiCb file, and both writ, the came ‘01’m of km
counter !ii~ for the oubeequent MAiyeiI and graphics rout inos.
(MARYLIE can deo do the hOU kud~tione, but PSIM ie
about 200 timee fnstetr),

MARYLIE wee ueed in ● study of whether ● ctrmg -ex-
tupob in the ring could reduce itt dynunic apwture. An ●rti-
dciai eextupob WMintroduced into thg ring iattiw in the fom
of 10 cm abbe on both ende of tho focuming qmd jwt befm
th ecptum. The ctrength S of thie eextupob ie ~ %tiisbi~ in
thag studia, ud ● vsiuo of S = 17.14T/m2 yiQl& ti hori-
sontzl chrornaticity of & = --1.89, eorreeponding to the 19S8
meeeummente.

Tho input puticic -to ueed wew hollow shcl!s in ptmee
OPUO,corutrw.~d ucordins to Eq,(6), but with rl w 1, und
the phue da taken in 9 qusi stqw of 4fY uoumi the x-dipm,
Tho maximum unpiitudo Z- = ~ wee the Input perun-
etar ddning the shell. For each (s, p.)poiiitinthe x.plute, 9
equaily ~ecod points (v, PO)uound tbo @iipee wre chown
in tho SUM mwmer, umwliy with y-. = z_/2. lneee 81
pmtkie phue OpU? chde, with -iOUC smplitudee c~~ , ~~~



tracked through 200G turne of the PSR model. Loee counters
were set whenever ● p~ic le being tracked pazeed outside rec t-

anguhr ●perture Iimite dehed m the septum and at the foil.
TheoutputlomcounterfileieproceseedUKO survival fraction
hietogmme for subsequent armlysis.

Figure 3 shows the survival fraction hismgrune for five

shelie ● various unplituda, with the foil scattering on. snd
the septum eet St 40 mm. The curvu are M might be expected
for diffueive growth from the tiltid beam size causing partl-
CIU to crom the lose threehold. The cmvee ●t 28. 32.34, and
36 mm initial unphtude show that the number of turru until the
6rxt km decre=es. and the subsequent 10U rate increaeee. with
Zma. The prompt ini~id Ioesee shown by the 40 mm curve ue

the signature of the initial phue spue amplitude croesing the
10N threshold, in this cese the red eeptum ●perture ●t 40 mm

The reet of the 40 mm curve presumably reptwente a norrml
diffusive la- rate for the pmticla that survived the initial cut.

I

Fig. S Survival fraction hiemgruns, with the utificid sex-
tupole turned off, for phue space ehelis of amplitude 28, 32.
34, 36, and 40 mm at the foil.

Consider ntw the rsther drnilu looking Figure 4. which
oh- the fstc of the 34 mm shell u the strength S of our
utlflciai eextupole is turned up. The oneet of prompt Iasa
occurs bet-n 17 md 25T/m2. Thb can be mken u an indi-

B cmion that ● oextupol~ otrength of about S = 20T/m’ inducem
c dytmmic aperture of 34 mm, in the cerise that some of the
putkies ●t that phue space amplitude are suddenly ●ble to
migrate rhpidly out to tho red aparture. and be counted u lat.
However. we need ● dynunic mperture of 25 mm to match the
besm IOU dm~, and a eextupoie setting of only S = O.I)T/m’
to match the praent chrommicity alma, eo we me fu from ex-
plshtlng the beun he dsts u due to unaccounted nxtupole
nonllnarltlu in the ring.

To compue the nonllnem MARYLIE ohell cslculuione to
the equivalent full unlfomn beu IIrwarPSIM drmhtlotu, one
can Inmpret the phue spue shell oumhal fmctlon dam u mrn-
ples of the o pmm prob~billty of eurvlvd out to s given turn.
u k function of phase spece wnplltude. Themmlvd curve for a

full beam cm then be attited u the upoctatlon -Iue of the
beam mrnplitude dlmrlbution, weighted by this mtrvhml prohs-
bihty. Thb wu checked, ueing ● olmple trapaoidal rule int+
gmtlon to get the welghm. for the Ilnem propuation oft uni-
form beam through 2000 turm. Good egreement wu obtdned
between tti ●stimate and the reeult of m actutl 1000 puti-
cle unlfomn W htulmion. but the noise due to the mkirnpy

-1

Fig. 4 Stwivai frution histogmtns for the 34 mm phaae space
sheil. with sextupoie mrength S = O. 17.25, and 30 T, mz

statistia of the 81 puticie cheiis wae stiii evident Therefore
the 6nd 12000 turnMARYLIE runs. to check the iong term
ioeeee in the noniinear modei. were date in ● strmghtforward
manner using ● 400 puticle oubeet of the ●ute uniform beam
used in the PSIM runs To tie t!ie PSR model s bit more
realistic. the eextupoia were tden u thin iertsee sttmched to
both en& of ●very dipole, u if they were put of ite f:inge fieid.
The strength of thee sextupoia wu adjusted to repreduce the
measured chromatic iee of the ring, with the result 0.03 T, m
for the ieadmg sextupoie. ad O-19 T/m for the trfiiing one
The 5nd noniineu 1- hiSV~UZU for eeptum pa,tiom ~i 25
end 40 mm ue shown in Figure 2.

Concludcmn
The conciuaion * be drwn from thae studia hw to be

thatrdistic eextupoie nonlmemities in the PSR ring cu cmme
only ~ slight enimncement of :he beam be rate due to feii scm-
tering. utd ue nowhere neu strong enough to miuce the dy-
namic WMrture suficientiy to ww with the beun icm dstt
The drttulsti- COn5m that nornmi beam -h due to foil
ecsttering cannot crowd the design ●patura The PSR b ee-
wntidiy iineu, utd the cmse of the anotnaioue hem ioee must

be sought ●lsewhere. Thie paper shouid thmefore be viewed u
● report on work in p~.

Acknow14~ontfl
We wish to mcknowiedge the very heipful eupport of A

J. Dmgt in the use of MARYLIE, including the rnod15c~tions
needed for thae ttudia We SISO wish to u.knowiedge heipful
dktueions with R. Muck. H. A. Thdsnn. C. TschaiLr md T.
s. Wutg.


